INTRODUCTION {#s1}
============

Radiotherapy can be a preferential management strategy for patients with inoperable cancer, including advanced stages of non-small cell lung cancer (NSCLC), in the absence of more effective targeted therapies \[[@R1]\]. Nevertheless, therapeutic outcomes are not fully satisfactory due to the emergence of radioresistance that is a critical obstacle which causes failure of radiotherapy and increased mortality of patients with NSCLC \[[@R2]\]. So far, a large number of studies have been conducted to find a way to control radioresistance and develop potent adjuvants that enhance radiotherapy efficacy \[[@R3], [@R4]\]. A profound understanding of molecular events associated with therapeutic resistance would greatly advance the discovery of drugs that suppress radioresistance signaling to improve NSCLC prognosis \[[@R5], [@R6]\].

Since ^18^F-labeled fluorodeoxyglucose (FDG) was first synthesized in 1978, FDG positron emission tomography (FDG-PET) has been one of the most useful oncological imaging modalities \[[@R7]\]. Due to the fact that glucose uptake and consumption of malignant tumors is elevated, FDG-PET is based on a close glucose chemical analogy and produces valuable data for detecting malignancies, searching for targets, and observing responses \[[@R8]\]. Although the use of FDG can provide information about prognosis associated with radiation therapy, high glucose (HG) uptake, which correlates with high FDG uptake, may increase radioresistance \[[@R9]\]. Moreover, GLUT1 which is the major glucose transporter is highly expressed in NSCLC. FDG uptake and the GLUT1 expression level correlated with the tumor size \[[@R10]\]. Several clinical meta-analyses suggest that high FDG uptake in a tumor is associated with increased local failure for many tumor sites and reduced patient survival rates \[[@R11], [@R12]\]. FDG-avid regions of a tumor are accordingly considered as a potential target for the application of radiation-dose escalation to counteract radioresistance \[[@R13]\]. A recent meta-analysis study showed that FDG-avid tumors in patients with head and neck carcinomas require a radiation dose increased 20% to match the local response rate of non-FDG avid tumors \[[@R14]\].

Glycolysis in tumor cells exposed to hypoxic environments is escalated because cells produce ATP through glycolysis, a process that does not need oxygen. However, tumor cells exhibit a higher rate of glycolysis than normal cells even under normoxic conditions; this is known as the "Warburg effect" \[[@R15]\]. Genetic or epigenetic alterations are thought to alter glycolysis levels in a manner that drives tumor malignancy \[[@R16]\]. As energy production of glycolysis is far less efficient than that of oxidative phosphorylation in mitochondria, a set of genes that govern glucose uptake and utilization are frequently overexpressed in cancer cells. Although several studies have shown a relationship between HG uptake and characteristics of tumor cells, the mechanism underlying cancer cell resistance to cell death is still unclear.

DANGER (also known as ITPRIP, inositol 1,4,5-trisphosphate receptor (IP~3~R) interacting protein) is identified to bind to IP~3~R and contains a partial MAB-21 domain \[[@R17]\]. After binding to IP~3~R, DANGER accelerates the calcium-inhibitory function of the IP~3~R channel, leading to regulation of the neuronal process. A previous biochemical study demonstrated that DANGER physically associates with death-associated protein kinase (DAPK) and impedes the catalytic activity of DAPK \[[@R18]\]. Mouse embryonic fibroblasts and neurons deficient in DANGER have elevated DAPK activity and increased responses to cell death signals compared to control cells and DANGER-deficient mice are more sensitive to brain damage after neuronal injury \[[@R18]\]. In addition, a previous RNA-sequencing analysis showed that *ITPRIP* expression is up-regulated in monocytes treated with high levels of glucose \[[@R19]\].

DAPK is a Ser/Thr protein kinase that was originally characterized as a tumor suppressor owing to its ability of promoting cell death \[[@R20]\]. DAPK is up-regulated in response to various signals such as those associated with interferon-γ, TGF-β, TNF-α, and Fas \[[@R21]\]. In the gut, TNF-α promotes DAPK-induced apoptosis in tumor cells, whereas normal intestinal epithelial cells are resistant to TNF-α, but are subject to remarkable DAPK-induced inflammation \[[@R22], [@R23]\]. However, little is known about its effects on ionizing radiation (IR)-induced cell death. Multi-domain structure of DAPK includes a catalytic domain, a Ca^2+^/calmodulin-binding region, eight ankyrin repeats, two putative nucleotide-binding domains (P-loops), a cytoskeleton/Ras of complex proteins (ROC) domain, and a C-terminal death domain (DD). This structure is responsible not only for direct protein phosphorylation of DAPK substrates but also stabilization of multi-protein complexes in a cell \[[@R24]\]. A cluster of DAPK interaction partners includes proteins that act upstream of DAPK and affect its kinase activity, stability, or subcellular localization; this includes proteins that function as DAPK downstream effectors \[[@R25]\]. Interaction of ERK with the DD of DAPK enhances the ability of DAPK to promote apoptosis \[[@R26]\]. ERK binds a canonical docking sequence within the DD of DAPK, and phosphorylates DAPK on Ser734 within the ROC domain. This modification enhances the catalytic activity of DAPK towards its substrate, myosin regulatory light chain (MLC). This is reflected by a lower *K~m~* value, while *K~cat~* and *V~max~* remain unchanged, suggesting that Ser734 modification may stimulate substrate binding \[[@R26]\]. The mechanism by which this occurs is unclear.

The purpose of this study was to elucidate the mechanisms and key molecules that confer HG-induced radioresistance in NSCLC cells. We demonstrated that HG-induced overexpressed DANGER bound to the DD of DAPK and subsequently inhibited ERK/DAPK-induced death of NSCLC cells. Our findings provide a possible explanation of how FDG uptake increases radioresistance in NSCLC cells. Furthermore, we suggest that DANGER and DAPK could be attractive pharmaceutical targets for overcoming HG-induced radioresistance of NSCLC and ultimately contribute to the effective treatment of lung cancer with radiation.

RESULTS {#s2}
=======

HG induces DANGER overexpression in NSCLC cells {#s2_1}
-----------------------------------------------

To confirm HG-induced radioresistance in NSCLC cells, NCI-H460 and A427 cells were used because these cell lines have relatively high levels of radiosensitivity \[[@R4], [@R27]\]. We first cultured NCI-H460 and A427 cells in medium containing different concentrations of glucose and measured radiosensitivity using a colony forming assay. As shown in Figure [1A](#F1){ref-type="fig"}, NCI-H460 and A427 cells cultured with 30 mM glucose showed higher resistance to a pro-apoptotic dose of radiation (5 Gy) than ones grown in normal glucose (NG) medium (5.5 mM glucose). The 30 mM of glucose was used as HG, since previous studies investigating metabolic disorders with abnormal glucose metabolism commonly applied 30 mM of glucose for high concentration of glucose to cellular systems \[[@R28], [@R29]\]. Colony formation of HG-treated cells was greater by approximately 6-fold for NCI-H460 cells and 4-fold for A427 cells compared to NG-treated cells. These findings led us to confirm that HG uptake might be associated with radioresistance in NSCLC cells. We next investigated key factor(s) associated with HG-induced radioresistance of NSCLC cells. A previous transcriptome analysis showed that DANGER expression is up-regulated in HG-treated monocytes \[[@R19]\]. Based on the information, we measured the expression of DANGER in HG-treated NCI-H460 and A427 cells. HG treatment dramatically induced mRNA and protein expression of DANGER in both cell lines in a time-dependent manner (Figure [1B-1E](#F1){ref-type="fig"}). HG-induced increase of DANGER mRNA and protein levels were verified in additional four NSCLC cell lines, NCI-H157, NCI-H23, NCI-H1299, and NCI-H358 ([Supplementary Figure S1A, S1B](#SD1){ref-type="supplementary-material"}) and we confirmed that elevated DANGER protein expression was sustained for at least 48 h after HG treatment ([Supplementary Figure S1C](#SD1){ref-type="supplementary-material"}). Next, molecular modification of DANGER by HG treatment was examined because DANGER was known to be phosphorylated at Ser547 \[[@R30]\]. However, HG-induced DANGER phosphorylation at Ser residues was not detected in either NSCLC cell line (Figure [1F](#F1){ref-type="fig"}). To determine whether HG can change the expression of DANGER in the presence of IR, the protein levels of DANGER were measured in HG-treated and irradiated NCI-H460 or A427 cells. As shown in Figure [1G](#F1){ref-type="fig"}, the levels of DANGER were increased in the HG-treated NSCLC cells. Elevated DANGER expression was not observed with IR in either cell line. Collectively, these data suggest that HG induces the overexpression of DANGER in NSCLC cells.

![HG induces DANGER overexpression in NSCLC cells\
**A.** Survival curves for NG- or HG-treated NCI-H460 and A427 cells exposed to IR were assessed with a colony forming assay. Data are represented as mean ± SEM (*n* = 3). **B.** Expression of *ITPRIP* in HG-treated NCI-H460 and A427 cells was analyzed by qRT-PCR. After treatment with specific media (NO, no glucose; NG, normal glucose; HG, high glucose; or MC, mannitol control) for 24 h, relative mRNA levels of DANGER were monitored. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to the NG-treated cells. **C.** Time-dependent expression of *ITPRIP* in HG-treated NCI-H460 and A427 cells was analyzed by qRT-PCR. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared with cells after 0 h of HG treatment. **D.** and **E.** Expression of DANGER and time-dependent changes in HG-treated NCI-H460 and A427 cells were analyzed by Western blotting. **F.** HG-induced phosphorylation of DANGER was evaluated with an *in vivo* kinase assay. After HG treatment for the indicated time, the cells were harvested and cell lysates were subjected to an IP assay with an anti-DANGER antibody followed by Western blotting for pSer/Thr. **G.** Effect of IR on HG-induced overexpression of DANGER was analyzed by Western blotting.](oncotarget-07-7193-g001){#F1}

Down-regulation of DANGER expression reduces HG-induced radioresistance in NSCLC cells {#s2_2}
--------------------------------------------------------------------------------------

To determine whether DANGER is responsible for HG-induced radioresistance in NSCLC cells, two DANGER siRNAs were used to suppress DANGER expression. The short-term effect of DANGER knockdown on irradiated cell growth was evaluated with an MTT assay in NCI-H460 and A427 cells. Knockdown of DANGER expression had no significant effect on cell proliferation with HG-alone (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S2A](#SD1){ref-type="supplementary-material"}). However, DANGER knockdown significantly reduced HG-induced growth of irradiated NSCLC cells, suggesting that DANGER protects cancer cell from IR-induced cell death. To evaluate the long-term effect of DANGER knockdown on cell proliferation, a colony formation assay was conducted. The formation of colonies by both cell lines after DANGER knockdown was slightly reduced in the presence of HG-alone. In contrast, the HG-induced increase of colony formation in the presence of IR was greatly diminished by DANGER knockdown, which was reversed by overexpressed DANGER (Figure [2B](#F2){ref-type="fig"}, [2C](#F2){ref-type="fig"}, [Supplementary Figure S2B, and S2C](#SD1){ref-type="supplementary-material"}). These results suggest that DANGER knockdown reduces HG-induced radioresistance of NSCLC cells.

![Down-regulation of DANGER expression reduces HG-induced radioresistance in NSCLC cells\
**A.** Short-term effects of DANGER knockdown on cell growth in both NCI-H460 and A427 cells following IR exposure were assessed with an MTT assay. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation-alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells. Inset: SiRNA knockdown efficiency of DANGER in HG-treated NCI-H460 and A427 cells was analyzed by Western blotting. **B.** Long-term effects of DANGER knockdown on cell growth in both NCI-H460 and A427 cells following IR exposure were assessed with a colony forming assay. **C.** Quantitative analysis of the number of NCI-H460 and A427 cell clones after DANGER knockdown with or without HG treatment was performed with Image J. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation-alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells.](oncotarget-07-7193-g002){#F2}

HG-induced DANGER physically interacts with DAPK in NSCLC cells {#s2_3}
---------------------------------------------------------------

Since we found that DANGER was overexpressed with HG treatment and involved in radioresistance of NSCLC cells, we attempted to identify a DANGER-interacting proteome in HG-treated and irradiated NSCLC cells to elucidate the molecular functions of DANGER. Based on the information from a published literature of physical and functional interactions, we focused on DAPK, a key regulator of stress-induced apoptosis \[[@R25]\]. Importantly, a previous functional study demonstrated that DANGER directly binds to DAPK and inhibits the kinase activity of DAPK, consequently increasing neuron viability \[[@R18]\]. We subsequently assessed the binding of DANGER and DAPK in NSCLC cells by a reciprocal immunoprecipitation (IP) assay (Figure [3A](#F3){ref-type="fig"}, [3B](#F3){ref-type="fig"}). HG-induced overexpression of DANGER and subsequent binding of endogenous DANGER to endogenous DAPK was detected in NSCLC cells (Figure [3C](#F3){ref-type="fig"}). In addition, we confirmed the subcellular binding of DANGER and DAPK in live cells by a bimolecular fluorescence complementation (BiFC) assay (Figure [3D](#F3){ref-type="fig"}). The immunostaining results of DAPK and DANGER in NSCLC cells also suggested co-localization of the two proteins ([Supplementary Figure S3](#SD1){ref-type="supplementary-material"}). Taken together, these results indicated that DANGER physically associates with DAPK in HG-treated NSCLC cells.

![HG-induced DANGER physically interacts with DAPK in NSCLC cells\
**A.** and **B.** Binding of DANGER and DAPK was measured by a reciprocal IP assay. **C.** HG-induced overexpression of DANGER and subsequent interaction of endogenous DANGER with endogenous DAPK was detected using an IP assay. **D.** A BiFC assay was performed to evaluate the interaction of DAPK-DANGER in live cells. Cells were transiently transfected with pBiFC-DAPK-VN, pBiFC-DANGER-VC, pBiFC-EGFR-VN, and/or pBiFC-EGFR-VC. Fluorescence indicative of DANGER-DAPK binding was measured in NCI-H460 or A427 cells. Scale bars, 10 μm.](oncotarget-07-7193-g003){#F3}

DANGER inhibits the catalytic activity of DAPK in NSCLC cells {#s2_4}
-------------------------------------------------------------

Given the physical interaction between DANGER and DAPK, we next focused on the functional relationship of these proteins. A previous study revealed that the catalytic activity of DAPK is increased in response to serum stimulation \[[@R31]\]. A DAPK kinase assay was conducted by measuring the phosphorylation of MLC, a DAPK substrate, after transfection of HA-DANGER followed by serum stimulation. We observed that DANGER overexpression led to decreased MLC phosphorylation, indicating that DANGER inhibited serum-induced DAPK activation (Figure [4A](#F4){ref-type="fig"}). Analysis of the kinetics indicated that MLC phosphorylation by DAPK was increased in a time-dependent manner and this activity was significantly reduced by DANGER overexpression in NSCLC cells (Figure [4B](#F4){ref-type="fig"}). Since many proteins interact with the DD of DAPK \[[@R25]\], we determined the function of the DAPK DD in the context of an association between DANGER and DAPK using a BiFC assay. Fluorescence was observed in cells expressing DAPK (WT or DD-only) and DANGER, but not in those that expressed DAPK-ΔDD and DANGER (Figure [4C](#F4){ref-type="fig"}). This result was confirmed by a binding assay (Figure [4D](#F4){ref-type="fig"}). Taken together, these findings indicated that DANGER inhibits the catalytic activity of DAPK through a direct interaction with the DD of DAPK in NSCLC cells.

![DANGER inhibits the catalytic activity of DAPK in NSCLC cells\
**A.** Effects of DANGER overexpression on DAPK activity were measured with a kinase assay. **B.** Effects of DANGER on kinetics of MLC phosphorylation by DAPK were measured with a kinetic analysis. The extent of phosphorylation was quantified and expressed as a percentage with 100% representing the maximum phosphorylation of MLC. **C.** A BiFC assay was performed to determine the interaction of DAPK with DANGER in live cells. NCI-H460 or A427 cells were transiently transfected with pBiFC-DAPK (WT, DD-only, or ΔDD)-VN and/or pBiFC-DANGER-VC. Fluorescence indicative of DANGER-DAPK binding was measured in the cells. Scale bars, 10 μm. **D.** Involvement of the DAPK DD in binding to DANGER was confirmed with an IP assay.](oncotarget-07-7193-g004){#F4}

DANGER inhibits DAPK-induced anoikis in irradiated NSCLC cells {#s2_5}
--------------------------------------------------------------

We further set out to identify the physiological relevance of DANGER-DAPK interactions since we found that DANGER inhibited the catalytic activity of DAPK through direct interaction in HG-treated and irradiated NSCLC cells. First, we evaluated HG- and IR-induced biochemical modification of DAPK based on information about DAPK-mediated signaling dependent on its phosphorylation \[[@R26]\]. In both cell lines, IR-induced DAPK phosphorylation on Ser/Thr sites was observed, whereas HG-dependent phosphorylation of Ser/Thr and Tyr residues was not detected (Figure [5A](#F5){ref-type="fig"}). Based on data from the literature, we used different DAPK mutants (S289A, S308A, or S734A) as a substrate for a kinase assay to further determine which residues are the targets of phosphorylation by IR \[[@R26], [@R32], [@R33]\]. Phosphorylation was completely absent in the DAPK-S734A mutant (Figure [5B](#F5){ref-type="fig"}). These findings indicated that Ser734 of DAPK is required for phosphorylation in irradiated NCI-H460 or A427 cells. It has been reported that ERK phosphorylates DAPK at Ser734, which consequently promotes cytoplasmic retention of ERK and DAPK-induced apoptosis \[[@R26]\]. In this study, we observed that DAPK was phosphorylated at Ser sites by ERK1-WT but not ERK1-kinase-dead (KD) after irradiation (Figure [5C](#F5){ref-type="fig"}). Direct phosphorylation of DAPK by ERK was confirmed by treating NCI-H460 and A427 cells with an ERK-specific inhibitor, PD98059, and a MEK inhibitor, GDC-0973. IR-induced DAPK phosphorylation by ERK was significantly diminished following treatment with the two inhibitors ([Supplementary Figure S4A](#SD1){ref-type="supplementary-material"}). Moreover, DAPK phosphorylation was not essential for interaction with DANGER as shown in [Supplementary Figure S4B](#SD1){ref-type="supplementary-material"}. Taken together, these results indicated that DAPK is phosphorylated at Ser734 by ERK in irradiated NSCLC cells.

![DANGER reduces DAPK-dependent anoikis in irradiated NSCLC cells\
**A.** HG- and IR-dependent phosphorylation of DAPK was assessed. **B.** IR-induced DAPK phosphorylation of Ser residues was confirmed using DAPK mutants (S289A, S308A, or S734A). **C.** Phosphorylation of DAPK by ERK1 was measured using an ERK1-KD (K71R) mutant. pERK1 indicates phosphorylated ERK1. **D.** Effects of DANGER knockdown on the anti-adhesion effect of DAPK were measured with an adhesion analysis. The cells were irradiated and cell adhesion on fibrinogen was measured. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells transfected with DAPK-WT, \*\**p* \< 0.05 compared to irradiated cells transfected with DAPK-WT, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells transfected with DAPK-WT. **E.** Effects of DANGER knockdown on HG- and IR-induced p53 transcriptional activation were measured with a luciferase assay. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation-alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells. **F.** Effects of DANGER knockdown on HG- and IR-induced Caspase 3/7 activation in NSCLC cells were measured with a Caspase 3/7 activity assay. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation-alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells. **G.** Functional involvement of DANGER knockdown in HG- and IR-induced DNA damage responses was measured with a DNA fragmentation assay. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells. **H.** The inhibitory effects of DANGER knockdown on HG- and IR-induced NSCLC cell migration were measured using a Transwell migration assay. Data are represented as mean ± SEM (*n* = 3); \**p* \< 0.05 compared to non-irradiated cells, \*\**p* \< 0.05 compared to cells treated with irradiation-alone, \*\*\**p* \< 0.05 compared to HG-treated and irradiated cells. **I.** Effects of DANGER knockdown on the protein expression of E-cadherin, Vimentin, and Fibronectin in HG-treated NSCLC cells were analyzed by Western blotting.](oncotarget-07-7193-g005){#F5}

Notably, the phosphorylation of DAPK at Ser734 by ERK has been reported to be essential for the pro-anoikis function of DAPK \[[@R26]\]. Based on a previous study demonstrating that DAPK inhibits cell adhesion and induction of anoikis \[[@R34]\], we assessed the effect of DANGER on the adhesion-inhibitory activity of DAPK. As shown in Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S4C](#SD1){ref-type="supplementary-material"}, activation of ERK by IR further potentiated this anti-adhesion effect in a dose-dependent manner in cells expressing DAPK-WT but not DAPK-S734A. However, the diminished anti-adhesion function was restored by DANGER overexpression with HG treatment; this effect was offset by DANGER knockdown. Since it has been reported that p53 induction and apoptosis is stimulated by the adhesion-inhibitory activity of DAPK \[[@R35]\], we next evaluated the effect of DANGER on DAPK-induced p53 activation and apoptosis. We observed that DANGER reduced DAPK-mediated transcriptional activation of the p53-promoter reporter constructs (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S4D](#SD1){ref-type="supplementary-material"}) and expression of p21 which is a known target of p53 activity ([Supplementary Figure S4E](#SD1){ref-type="supplementary-material"}). Additionally, IR-induced pro-apoptotic activity of DAPK was markedly decreased by HG treatment. However, depleting DANGER expression significantly increased radiosensitivity of irradiated NSCLC cells (Figure [5F](#F5){ref-type="fig"}, [5G](#F5){ref-type="fig"}, [Supplementary Figure S5A, and S5B](#SD1){ref-type="supplementary-material"}). These results indicate that DANGER reduced DAPK-induced anoikis in irradiated NSCLC cells.

Several lines of evidence have demonstrated that epithelial-mesenchymal transition (EMT) status including loss of cell-cell contact increases scattering migration/invasion and resistance to anoikis \[[@R36], [@R37]\]. Having identified the effect of DANGER on IR-induced anoikis, we next measured cell migration capacity and EMT marker expression. Reduced motility in NSCLC cells was shown by treatment of DANGER siRNAs (Figure [5H](#F5){ref-type="fig"} and [Supplementary Figure S6A](#SD1){ref-type="supplementary-material"}). HG treatment promoted IR-induced EMT by decreasing the expression of E-cadherin (an epithelial marker) while increasing the expression of Vimentin and Fibronectin (mesenchymal markers) (Figure [5I](#F5){ref-type="fig"} and [Supplementary Figure S6B](#SD1){ref-type="supplementary-material"}). Reduced EMT was also observed in NSCLC cells in which DANGER expression was knocked-down. Taken together, these results suggest that the inhibition of DANGER expression suppresses HG-activated EMT in NSCLC cells.

DANGER knockdown enhances *in vivo* radiosensitization and decreases *in vivo* EMT in a xenograft mouse model {#s2_6}
-------------------------------------------------------------------------------------------------------------

In our cell death assays, we observed that DANGER reduced DAPK-induced anoikis in irradiated NSCLC cells (Figure [5](#F5){ref-type="fig"}, [Supplementary Figures S4, S5, and S6](#SD1){ref-type="supplementary-material"}). To evaluate the combined effects of DANGER and IR on tumor growth *in vivo*, a xenograft mouse model was established (Figure [6A](#F6){ref-type="fig"}). The data from nude mice bearing tumors formed by NCI-H460 and A427 cells indicated that HG induced radioresistance *in vivo* (Figure [6B](#F6){ref-type="fig"}). Tumor volumes of the mice treated with HG were significantly increased by approximately 76.2% (the group injected with NCI-H460 cells) or 78.8% (the group injected with A427 cells) on day-30 compared to mice receiving radiation-alone. We also confirmed that DANGER overexpression by lentiviral transduction in NSCLC cells made them more radioresistant ([Supplementary Figure S7A](#SD1){ref-type="supplementary-material"}). Compared to mice receiving radiation-alone, tumor volumes of the mice injected with DANGER-overexpressed NSCLC cells were significantly elevated by 97.4% (NCI-H460 cells) or 103% (A427 cells). Increased radioresistance due to HG treatment was offset by DANGER knockdown. Moreover, the expression of DANGER and EMT-related mesenchymal marker proteins was significantly elevated in the extracted tumor tissue lysates when HG-treated or DANGER-overexpressed cells were administered to the mice (Figure [6C](#F6){ref-type="fig"} and [Supplementary Figure S7B](#SD1){ref-type="supplementary-material"}). Thus, we suggest that DANGER knockdown significantly increased *in vivo* radiosensitization while inhibiting the EMT.

![Knockdown of DANGER enhances *in vivo* radiosensitization and decreases *in vivo* EMT in a xenograft mouse model\
**A.** The experimental protocol for determining whether DANGER knockdown increases *in vivo* radiosensitization and EMT in a xenograft mouse model (control or DANGER-specific shRNA encapsulated into DOTAP-cholesterol, DC-shRNA).**B.** The effects of DANGER knockdown by DANGER shRNA-1 on *in vivo* radiosensitization were measured in a xenograft mouse model. Data are represented as mean ± SEM (*n* = 3 with three animals/group); \**p* \< 0.05 compared to tumor volume on day-30 in mice treated with radiation, HG, and Scrambled shRNA. **C.** The *in vivo* effects of DANGER knockdown by DANGER shRNA-1 on the expression of DANGER and EMT-related proteins were evaluated by Western blot analysis.](oncotarget-07-7193-g006){#F6}

DISCUSSION {#s3}
==========

For decades, it has been documented that cancer cells largely rely on glycolysis for their energy metabolism even under aerobic conditions; this is known as the Warburg effect \[[@R15]\]. Because significant glucose uptake and consumption for elevated glycolysis have been observed in many cancer types, these alterations of energy metabolism have been recently considered as an emerging hallmark of cancer \[[@R38]\]. High levels of glycolysis may be beneficial not only to cancer cells by supplying ATP and metabolic byproducts \[[@R39]\], but also for diagnosing cancer using FDG-PET \[[@R8], [@R40]\]. Recent studies have suggested that FDG uptake reflects increased radioresistance and poor treatment outcomes due to the persistence of cancer cells \[[@R11], [@R12], [@R41]\]. Consistently, data from the current study showed that NSCLC cells were more radioresistant in HG media compared to ones maintained in NG media. These observations underscore the importance of glucose not only as an essential nutrient for cancer cells, but also as a reagent which can induce resistance to genotoxic stress such as IR. Although the relevance between glucose levels in tumor tissue niches and the viability of cancer cells has been recognized in recent years, the mechanism and key molecules of glucose-induced radioresistance remain largely unknown.

We found that DANGER expression was specifically induced by HG. It was also observed that DANGER knockdown was effective on just IR response (Figure [2B](#F2){ref-type="fig"}). We believed that DANGER can help cancer cells to be resistant to radiotherapy similar to oncogenes. However, DANGER is usually expressed at low levels in lung cancer tissues compared with normal lung according to the Oncomine database ([www.oncomine.org](http://www.impactjournals.com/oncotarget/www.oncomine.org), [Supplementary Figure S8A](#SD1){ref-type="supplementary-material"}) \[[@R42], [@R43]\]. This implies that DANGER itself does not possess oncogenic functions that promote tumorigenesis. We hypothesized that DANGER is indirectly associated with the induction of radioresistance through interplay with signaling pathways of stress-induced cell death. DAPK which promotes apoptosis and functions as a tumor suppressor was found as an interaction partner of DANGER. Data from the Oncomine database showed lower expression of DAPK in lung cancer than normal lung ([Supplementary Figure S8B](#SD1){ref-type="supplementary-material"}) \[[@R44]\]. We attempted to provide explanations for how DAPK-DANGER interaction and their relevant signaling pathways could increase radioresistance of NSCLC cells in which DAPK is moderately expressed.

We observed that DANGER inhibits the catalytic activity of DAPK through direct binding to the DD of DAPK in NSCLC cells (Figure [4](#F4){ref-type="fig"}). The DD is a protein-protein interaction-mediating domain that is common to many pro-apoptotic proteins, such as Fas, TNF receptor, TNF receptor type 1-associated death domain protein, and Fas-associated death domain protein. Although no crystal structure of the DD of DAPK has been produced, the DD was previously shown to be involved in interactions between DAPK and several proteins including UNC5H2, TSC2, and kelch-like protein-20 \[[@R25]\]. The DD of DAPK was also found to be necessary to a physical interaction with ERK. ERK phosphorylates DAPK at Ser734, thereby increasing DAPK catalytic activity both *in vitro* and *in vivo* \[[@R26]\]. We found that the pro-apoptotic activity of IR-exposed DAPK, but not the S734A mutant, was markedly reduced by DANGER, and the DD is critical for interaction between DAPK and DANGER (Figure [5](#F5){ref-type="fig"}). Our results demonstrating enhanced recruitment of DANGER to the ERK-DAPK complex in HG-treated cells compared to NSCLC cells in NG media suggest a specific mode of binding. We propose that ERK and DANGER may compete for binding to the DD of DAPK in HG-treated cells following irradiation. In the HG microenvironment, overexpressed DANGER is able to bind to DAPK and results in decreased ERK-mediated death of IR-irradiated NSCLC cells. Thus, there may be two different modes of complex formation with DAPK based on glucose concentration.

We also found that HG induced anoikis-resistance and EMT activation (Figure [5](#F5){ref-type="fig"}). Anoikis, a type of programmed cell death caused by detachment of cells from the extracellular matrix, is a defensive mechanism for suppressing anchorage-independent cell growth and EMT involved in cancer metastasis \[[@R45], [@R46]\]. Although targeting anoikis-resistance is a promising strategy for inhibiting tumor progression, searching for relevant factors and identifying their mechanistic implications would be important for counteracting anoikis-resistance and preventing metastasis. Our data not only provide new evidence that DAPK induces IR-activated anoikis in NSCLC cells, but also demonstrate the presence of an HG-induced anoikis-resistance signaling through which DAPK is inhibited by DANGER. Suggested roles of DAPK and DANGER on potentially influencing metastasis in our results may have significant clinical implications since the EMT and metastasis represent impediments to effective cancer therapy. In addition, we observed that migration of NSCLC cells was significantly induced by irradiation (Figure [5H](#F5){ref-type="fig"} and [Supplementary Figure S6](#SD1){ref-type="supplementary-material"}) with which a high level of anoikis-dependent apoptosis was also observed. It has been suggested that IR increases the expression of EMT-inducing proteins to facilitate primary cancer cell survival \[[@R47]\]. The dose of IR used in our study was possibly lethal and activated apoptotic pathways, including the ERK-DAPK-p53 axis. Thus, irradiation-alone could cause a significant level of cell death and increased migration capacity of NSCLC cells which survived after irradiation. However, HG can inhibit DAPK-induced apoptotic signaling through DANGER-DAPK interaction, leading to EMT acceleration and acquisition of radioresistance in NSCLC cells.

Although FDG-PET plays a key part in oncological imaging, radioresistance caused by FDG uptake in tumors is a barrier for efficient radiotherapy. Results of the current study showed that DANGER is a HG-associated biomarker and we subsequently performed *in vitro*/*in vivo* analyses to investigate the underlying mechanism of radioresistance induced by DANGER in HG-treated NSCLC. Our results showed that DANGER helps prevent the development of an IR-induced apoptotic phenotype by blocking the MEK-ERK-DAPK-p53 axis (Figure [7](#F7){ref-type="fig"}). DANGER was found to bind with DAPK, leading to inhibition of DAPK kinase activity, induction of anoikis-resistance, and promotion of EMT *in vitro* and *in vivo*. In addition, we provided the first evidence of a novel regulatory mechanism of radioresistance including the functional involvement of DAPK/ERK or DAPK/DANGER in irradiated NSCLC cells depending on glucose concentration. Taken together, our results demonstrated that suppression of DANGER expression and/or DAPK-DANGER interaction through treatment of specific agents in combination with radiotherapy in FDG-avid tumors could improve the therapeutic efficacy for treating NSCLC by overcoming radioresistance.

![A schematic diagram illustrating MEK-ERK-DAPK-p53 signaling in IR-induced anoikis and the radioresistant effect of DANGER in HG-treated NSCLC cells\
With NG media, DAPK is phosphorylated on Ser734 by ERK after radiation exposure, consequently leading to the activation of p53 and radiosensitization. IR-induced activation of the MEK-ERK-DAPK-p53 signaling axis is required for anoikis in NSCLC cells. DANGER is overexpressed in NSCLC cells cultured in HG medium, but not in ones maintained under NG conditions. In HG media, overexpressed DANGER directly binds to the DD of DAPK, thus inhibiting the catalytic activity of DAPK. In addition, inhibition of the DAPK-p53 signaling axis by DANGER promotes anoikis-resistance and EMT induction, resulting in radioresistance of HG-treated NSCLC cells. Knockdown of DANGER expression can enhance anoikis, EMT inhibition, and radiosensitization both *in vitro* and *in vivo*.](oncotarget-07-7193-g007){#F7}

MATERIALS AND METHODS {#s4}
=====================

Cell lines, cell culture, and irradiation {#s4_1}
-----------------------------------------

NCI-H460 and A427 cells were obtained from American Type Culture Collection (Manassas, VA), authenticated, and maintained in early passages, no more than 6 mo after receipt. The cells were grown at 37°C in RPMI-1640 medium containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. For glucose treatment, the cells were divided into the following groups: no glucose (NO), NG (5.5 mM), mannitol control (MC, 5.5 mM D-glucose + 24.5 mM mannitol), and HG (30 mM). The cells were then exposed to a single dose of γ-rays using a Gamma Cell-40 Exactor (Nordion International, Inc., Kanata, Ontario, Canada) at a dose rate of 0.81 Gy/min. Flasks containing the control cells were put in the irradiation chamber but not irradiated.

MTT assay {#s4_2}
---------

The effect of DANGER knockdown on cell growth was assessed with an MTT assay as previously described \[[@R48]\]. Cells were cultured in 96-well plates (1,000 cells per well). Cells were transfected with Scrambled or DANGER-specific siRNA for 24 h and then treated with HG for 24 h. After 6 h being exposed to IR, the cells were subjected to an MTT assay. Media were removed and 0.05% MTT solution was added before the cells were incubated at 37°C for 2 h. The MTT solution was subsequently replaced with dimethyl sulfoxide and the plates were incubated for 10 min. After incubation, the solution was aliquoted into 96-well plates in duplicate and absorbance was measured at 570 nm.

Colony forming assay {#s4_3}
--------------------

Cells were plated at a density of 300 cells in 6-well dishes. After 24 h of glucose treatment, the cells were exposed to a specific dose of radiation, and subsequently grown for 14 d. Next, the cells were fixed with 10% methanol and 10% acetic acid, and stained with 1% crystal violet. Colonies containing more than 50 cells were identified using densitometric software and scored as survivors \[[@R49]\].

BiFC assay {#s4_4}
----------

N-terminal Venus-conjugated EGFR (pBiFC-EGFR-VN) and C-terminal Venus-conjugated EGFR (pBiFC-EGFR-VC) constructs were kindly provided by Dr. Chang-Deng Hu (Purdue University, West Lafayette, IN) and Dr. Ichi N. Maruyama (Okinawa Institute of Science and Technology Graduate University, Okinawa, Japan). To construct pBiFC-DAPK-VN, a DAPK-encoding DNA fragment was amplified by PCR and then inserted into the *Kpn*I site of pBiFC-EGFR-VN, where the region encoding EGFR had been located. To construct pBiFC-DANGER-VC, a DNA fragment encoding DANGER was amplified and inserted between the *Sal*I and *Xho*I sites of pBiFC-EGFR-VC, thus eliminating the EGFR DNA fragment. NCI-H460 or A427 cells were transiently transfected with pBiFC-DAPK-VN and pBiFC-DANGER-VC, and fluorescence was measured with an Olympus IX71 fluorescence microscope (Olympus Optical Co. Ltd., Tokyo, Japan).

DAPK kinase assay {#s4_5}
-----------------

DAPK kinase activity in cells transfected with FLAG-DAPK and HA-DANGER was assayed as described \[[@R31]\]. DAPK-WT proteins (0.5 mg) immunoprecipitated with anti-FLAG antibody and recombinant GST-MLC at kinase:substrate molar ratios of \~1:5 were incubated with kinase buffer containing 50 mM HEPES (pH 7.5), 8 mM MgCl~2~, 2 mM MnCl~2~, 0.5 mM CaCl~2~, 50 mM ATP, 10 mCi \[γ-^32^P\]ATP, 0.1 mg/mL bovine serum albumin, and 1 mM bovine CaM (Sigma, St. Louis, MO) at 25°C. For stoichiometric analysis, kinase assays were performed over a time course ranging from 0 to 40 min. Reactions were terminated by boiling in SDS loading buffer and the proteins were separated on 7.5% acrylamide gels that were stained and dried. Levels of incorporated ATP were measured by phosphorimaging relative to a standard curve of known ATP concentrations.

Luciferase reporter gene assay {#s4_6}
------------------------------

A luciferase assay was performed as previously described \[[@R50]\]. Following HG treatment and co-transfection with 3 μg of a p53 luciferase reporter gene (pGL3-luc) or DANGER siRNA, the medium was changed and cells were irradiated. After 3 h, the cells were washed twice with cold PBS and lysed in reporter lysis buffer (Promega, Madison, WI). The lysates were then washed and centrifuged at 12,000 g for 1 min at 4°C. 20 μL of the cell extract and 100 μL of luciferase assay reagent were mixed at room temperature. Samples were placed in Glomax multi-detection system (Promega) to measure luciferase activity in the solution.

Tumor xenograft in nude mice {#s4_7}
----------------------------

For *in vivo* delivery of shRNA into tumors, control or DANGER-specific shRNA were first encapsulated into DOTAP-cholesterol (DC; Avanti Polar Lipids, Inc., Alabaster, AL) nanoparticles by dissolving in sterilized NG or HG media and mixing with the nanosomes \[[@R51]\]. NG- or HG-adapted 2 × 10^6^ NCI-H460 or A427 cells were then injected into the flank of 6-wk-old male BALB/c athymic nude mice and tumors were allowed to develop. Upon identification of a palpable tumor (with a minimum volume of 200 mm^3^), the DC nanoparticle-encapsulated shRNA duplexes were injected into the tumors every 4 d using insulin syringes at a concentration of 20 μg shRNA/100 mm^3^ of tumor volume. To produce sufficient lentiviral particles for transfection of NSCLC cells, the Lenti-vpak packaging kit (Origene) was used according to the manufacturer\'s instructions. The untreated control groups were injected with NG or HG media as indicated. The animals were also irradiated with 10 Gy once a week for 4 wk. Tumor length (L) and width (l) were measured with a caliper and tumor volumes were calculated using the formula (L × l^2^)/2. At the end of the treatment period, the animals were euthanized and the tumors were used for biochemical studies.
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